The purpose of this study was to examine the effects of gestational weight gain (GWG) and infant feeding practices on infant growth parameters in infants from 6 to 24 mo of age. Methods: Forty mother-infant pairs were recruited after delivery and followed up to 24 mo postpartum. GWG was calculated as prepregnancy weight subtracted from weight at delivery. Infant weight velocity was calculated as the change in weight between consecutive visits divided by the intervening time. Infant feeding practices were measured by interview and infant growth and waist circumference by standard anthropometry. results: Infants born to mothers with excess GWG were heavier at birth (3,521 ± 91 vs. 3,196 ± 97 g, P = 0.02) and had an average 2.16 ± 1.1 cm (P = 0.03) larger waist circumference throughout the 24 mo compared with infants born to mothers with appropriate GWG. Waist circumference increased by 0.12 and 2.0 cm for every 1 unit increase in GWG and infant birth weight. conclusion: Infants born to women who exceeded the Institute of Medicine (IOM)-recommended guidelines for GWG were heavier at birth and had a significantly higher waist circumference up to 2 y of age. Strategies to control maternal excess GWG and thus the outcome on infant birth weight and waist circumference should be pursued.
o verweight and obesity begin as early as infancy with 8.1% of infants and toddlers (birth -age 24 mo) exceeding the CDC sex-specific weight for recumbent length growth charts (1) . Parallel to the increasing prevalence of childhood obesity, obesity-related comorbidities such as insulin resistance and systemic inflammation are observed in children as young as birth (2) . Factors underlying this phenomenon are complex although suboptimal prenatal and/or early postnatal growth may play a role in the development of obesity and obesityassociated comorbidities early in life (3, 4) . Indeed, maternal factors, such as a high prepregnancy BMI and excessive gestational weight gain (GWG) make critical contributions to increases in adiposity in infancy (4) (5) (6) , childhood (2,7), adolescence (8) , and early adulthood (9, 10) .
The period of infancy (birth -age 24 mo) may be critical to long-term health, but few studies have examined both the role of in utero and early feeding practices on infant growth and development. The preponderance of the evidence suggests that formula-feeding increases the rate of infants' weight gain up to the first year of life (4,11) but may not persist into the second year of life (12) . However, data describing the association between maternal obesity and GWG in combination with infant feeding practices (breast vs. formula) on infant growth and adiposity up to 24 mo of age are lacking. Therefore, as part of a pilot study of infant growth and adiposity, we measured infant weight, length, waist circumference, and skinfold thickness between 6 and 24 mo of age in infants born to mothers with appropriate (AGWG) vs. excess GWG (EGWG). Using mixed-effects modeling, we hypothesized that infants born to mothers with EGWG would weigh more and have a larger waist circumference throughout the observational period compared with infants born to mothers with AGWG. In addition, we assessed postnatal infant feeding methods in combination with GWG and their relationship with infant growth rate and adiposity between 6 and 24 mo of age.
RESULTS

Maternal and Infant Characteristics
Maternal characteristics are presented in Table 1 . Of the 40 total participating mothers, 20 women were normal weight (BMI < 25 kg/m 2 ) and 20 were overweight to obese (BMI ≥ 25 kg/m 2 ) at preconception. Mothers were of comparable age (overall mean ± SEM, 29.1 ± 0.7), primarily of Caucasian race and nonsmoking. There were no differences in infant race or gender distribution between groups. Most infants were formula fed up to 12 mo of age although the proportion of formula fed vs. breast fed infants were statistically similar between AGWG and EGWG (Chi-square, P > 0.05) ( Table 1) .
Longitudinal Changes in Maternal and Infant Characteristics
At 6, 12, 18, and 24 mo postpartum, women with EGWG had significantly higher BMI and waist circumference compared with women with AGWG ( Table 2) . Moreover, infants born to mothers with EGWG vs. AGWG had significantly higher birth weights (3,521 ± 91 vs. 3,196 ± 97 g, P = 0.02), with larger average waist circumference (2.16 ± 1.1 cm higher, P = 0.03) from 6 mo to 2 y (Figure 1) . This difference remained even when accounting for differences in prepregnancy BMI but lost significance after accounting for the differences in infant birth weight. There were no differences detected in weight, length, weight-for-length, ponderal index, weight velocity, or sum of skinfolds in infants born to mothers exceeding or within GWG guidelines ( Table 2) . Likewise, there were no differences detected in weight velocity, ponderal index, waist circumference, sum of skinfolds, or weight-for-length between formula fed and breast fed infants (data not shown).
Associations With Infant Anthropometrics
In an effort to examine the determinants of the larger average waist circumference observed from 6 to 24 mo in infants born to EGWG mothers, multiple linear regression models were used ( Table 3) . Infant waist circumference increased 0.18 cm for every 1 unit increase in maternal GWG. When infant birth weight was included in the model, the parameter estimate for maternal GWG decreased by ~31%. Accordingly, waist circumference increased 2.0 cm for every 1 unit increase in infant birth weight and by 0.12 cm for every 1 unit increase in GWG ( Table 3) . When the categorical variable of infant feeding practice was entered into the model (model 3, Table 3 ), the parameter estimate for maternal GWG remained unchanged and no independent contribution in feeding practices was observed. Maternal prepregnancy BMI did not significantly contribute to the variability in infant waist circumference.
DISCUSSION
The results of this study suggest that, independent of pregravid weight, women who gained in excess of the 2009 IOM recommended GWG gave birth to infants who were 9% heavier at birth and had an average 5% larger waist circumference through infancy (6 mo to 2 y of age), compared with infants born to mothers who gained within the 2009 IOM guidelines. The present investigation further demonstrates that maternal GWG, and consequently infant birth weight, and to a lesser extent infant feeding practices, appear to play a larger role in an infant precursor of central adiposity (i.e., waist circumference) up to 2 y of age.
Childhood obesity is suggested to be set by both early prenatal and postnatal influences. High prepregnancy BMI and excess GWG increase the risk for large-for-gestational-age offspring and obesity across the lifespan. Starling et al. estimated associations between maternal BMI and GWG throughout pregnancy and demonstrated that a 0.1 kg/week increase in predicted GWG associated with increased fat mass, fat free mass, and percent body fat at birth (6) . Increased adiposity at birth may predispose these children to obesity later in life. Indeed, positive association between excessive GWG and offspring waist circumference at 7 y of age (13) . In a separate retrospective analysis examining 6,837 mother-child dyads, 15.1% of children (mean age 5.8 y) presented with increased abdominal adiposity in mothers that gained weight excessively (14) . Our findings extend these observations and demonstrate that infants born to mothers exceeding the IOM guidelines weigh more at birth and exhibit an increased waist circumference as early as 6 mo of age. In youth, waist circumference can be used as an indicator of disease risk, as abdominal obesity is associated with cardiovascular risk factors such as hyperinsulinemia, lipid and lipoprotein concentrations, and blood pressure (15) (16) (17) . The difference in waist circumference in infants born to EGWG mothers raises the possibility of an increase in central adiposity which may reflect an increased metabolic risk in these infants. The determinants of waist circumference and cardiometabolic risk at this early stage of life, as well as the physiological causes, remain to be investigated. It is well established, however, that infancy is a critical period of development, and further studies are needed to establish whether interventions may help change the trajectory of relevant risk factors for obesity in the early period after birth.
There is a particular interest in understanding the relationship between infant feeding practices and infant growth due to the observed differences in infant weight gain between breastand formula-fed infants. Compared with breast-fed infants, formula-fed infants are shown to gain weight faster toward the end of the first year of life (4, 18) . On the other hand, Butte et al. found that though infants exclusively formula-fed for the first 4 mo of life gained weight faster at 3-6 mo of age, these differences did not persist into the second year of life (12). Kramer et al. extended these observations to 6.5 y in 13,889 infants participating in the Promotion of Breastfeeding Intervention Trial (PROBIT) and did not find an intervention effect on measures of adiposity, increased stature, or reduced blood pressure (19) . Similar to these studies, our data show that infant feeding practices did not significantly contribute to the variability in infant anthropometrics or waist circumference up to 2 y of age. Although we did not find any significant differences in infant weight gain, further investigations need to clarify the relationship between maternal GWG and timing of infant feeding practices on infant growth.
A limitation of this study is that while GWG contributed to infant birth weight and waist circumference up until 2 y of age, we do not know the timing of GWG which could contribute . Plots are mean ± SEM. *P < 0.02; **P < 0.03 using mixed-effects modeling of repeated-measures data. (6, 20) . Future studies should be directed toward understanding the underlying effects and processes of timing of GWG on infant adiposity development. Due to the nature of the pilot study, not every mother-infant pair was enrolled in the study from birth on. This allowed for nonequivalent mother-infant pairs during each subsequent time point possibly reducing power to definitively determine any modulating effect of feeding practices on infant weight gain.
In conclusion, infants born to mothers who exceeded the IOM recommended guidelines for GWG were heavier at birth and had a significantly higher waist circumference up to 2 y of age. As infant birth weight explained a significant proportion of the variability in infant waist circumference, strategies to control maternal excess GWG and consequently the outcome on infant birth weight and waist circumference should be more closely studied with adequate measurement of central adiposity measures along with conventional growth measurements.
METHODS
The Healthy Infants Postpartum (HIP) study was a pilot observational study of infant growth and adiposity in infants 6-24 mo of age, born to mothers spanning the range of BMI and GWG (2011 to 2013). Research was conducted in accord with prevailing ethical principles and the University of Pittsburgh Institutional Review Board approval was obtained, and parental consent was obtained from each mother for herself and her child prior to study participation.
Subjects
Participants for the HIP study (n = 40) were recruited through direct mailings to women who were prior nulliparous participants with singleton pregnancies in the Study of Nutrition and Pregnancy (SNAP) and the Nulliparous Pregnancy Outcomes Study: Monitoring Mothers-to-be (nuMoM2b) (Clinical Trial Number: NCT01322529) at University of Pittsburgh, Pittsburgh PA, USA. Women were eligible for inclusion if they had delivered at ≥37 0/7 wk gestation and if they did not have pregestational diabetes, gestational diabetes, pre-eclampsia or gestational hypertension, chronic hypertension, or rheumatologic disorders during their pregnancy. Women were also excluded if they were taking chronic steroid therapy, as this could have had effects on neonatal growth and development. Mother-infant pairs with known fetal anomalies (e.g., congenital heart defects) were also excluded from the study.
Study visits were conducted after birth every 6 mo (i.e., 6 mo, 12 mo, 18 mo, and 24 mo) beginning as early as 6 mo of age. Mother-infant pairs were invited to the first visit where they could be contacted, and this resulted in study visits beginning at 6 mo of age in 22 infants (55%), at 12 mo of age in 13 infants (33%), and 18 mo of age in 5 infants (12%). Follow-up visits were scheduled every 6 mo to a maximum age of 24 mo through the 2-y study period which resulted in a total of 22 visits at 6 mo, 32 at 12 mo, 31 at 18 mo, and 15 at 24 mo.
Maternal and Infant Anthropometry
Maternal standing height and weight were measured to the nearest cm and kg, respectively, at each study visit. Waist circumference was assessed using duplicate measurements obtained with a spring-loaded Gulick tape. Triplicate measures were obtained if two measures were >5 mm apart. Participants stood with arms at sides, feet together and abdomen relaxed; waist circumference was measured at the level of the iliac crest, usually at the level of the umbilicus. Prepregnancy BMI was calculated from weight and height data measured between 8-13 wk of gestation from the prior study record (SNAP, nuMoM2b), and information about general maternal health during gestation was obtained from the parent studies. At each study visit, infant length was measured using an infantometer (Seca 416 Infantometer), weight using an electronic infant scale, and waist circumference just above the plane connecting the superior iliac crests, with the infant lying down. Skinfold thickness was measured in triplicates using Lange skinfold calipers in four locations (bicep, triceps, subscapular, suprailiac) (21) and the mean skinfold measurement was calculated for each location.
Infant Feeding Practices
Due to the nature of the pilot study, infant feeding questions were adapted from the Infant Feeding Practices Study II (IFPS II) questionnaires, at each study visit (http://www.cdc.gov/breastfeeding/data/ ifps/questionnaires.htm). The mothers were asked about their current infant feeding practices including infants' current milk consumption and the proportion of milk from breast or formula, and whether infants consumed breast milk from the breast (vs. from a bottle). Mothers who reported any proportion of milk derived from breast milk were classified as breastfeeding for purposes of this analysis.
Calculations
GWG was calculated as weight at delivery minus weight measured between 8-13 wk of gestation. The 2009 IOM guidelines were used to classify GWG as excessive vs. not excessive (22) . Gestational age at delivery was obtained from the parent studies, for which the gestational age was determined by the best clinical date available during pregnancy as assigned by the treating obstetricians. Infant weight velocity was calculated as the difference in weight measured between study visits divided by the number of intervening months. Ponderal index (PI) was calculated as weight/length (cm 3 ) multiplied by 100.
Statistical Approach
Baseline subject characteristics were compared using a Student T-test for quantitative variables and χ 2 test for categorical variables between groups. ANCOVA models were used to assess between group differences adjusting for prepregnancy BMI and infant birth weight where necessary. Mixed effects modeling were used to examine longitudinal changes in infant growth parameters (weight-forlength, ponderal index, weight velocity, sum of skinfolds, and waist circumference) from 6 to 24 mo of age with adjustments for infant birth weight where necessary. Linear regression analyses were used to evaluate the association of GWG, infant birth weight, and infant feeding practices with infant growth parameters. Data are presented as mean ± SEM. Statistical significance was set at P ≤ 0.05 and the statistical analyses were performed using PASW Statistics (version 20, SPSS, Chicago, IL).
